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Thin ﬁlm of Ni50Mn35In15 Heusler alloy was prepared on MgO(001) substrate by epitaxial growth in an ultra-high vacuum (UHV) chamber by
a Pulsed Laser Deposition (PLD) method. The epitaxial growth process was monitored by in situ reﬂection high energy electron diffraction
(RHEED) and the structure of the ﬁlm was checked by ex situ X-ray diffraction (XRD), which indicates that high quality Ni50Mn35In15 single
crystal ﬁlm with a face-centered-cubic (fcc) structure could be stabilized on MgO(001). Magnetic property measurement was also conducted at
various temperatures by using physical property measurement system (PPMS). A signiﬁcant exchange bias was observed for Ni50Mn35In15 ﬁlm,
and the strength of the exchange bias ﬁeld (HEB ) increases with the decrease of temperature. Such a behavior can be ascribed to the fact that the
interfacial spin interaction between ferromagnetic (FM) and antiferromagnetic (AFM) cluster is enhanced with the decrease of temperature.
& 2015 Chinese Materials Research Society. Production and hosting by Elsevier B.V. This is an open access article under the CC BY-NC-ND
license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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Ni–Mn based Heusler alloys have recently attracted con-
siderable attention from both the magnetism and material
science communities due to their rich fundamental physics
and potential as multifunctional materials, such as magnetic
shape memory [1], large magnetoresistance [2], magnetocalo-
ric effects [3] and exchange bias [4]. Their unique properties
could be capable of potential technological applications in the
ﬁeld of magnetic actuators, sensors, and magnetic refrigera-
tion. Especially, since the discovery of exchange bias (EB) in
this alloy system in 2007 [4,5], the unconventionally magnetic
properties of the Ni–Mn based alloys have been of great
interest. EB refers to a unidirectional shift of the FM hysteresis
loop from zero magnetic ﬁeld, which is usually resulted10.1016/j.pnsc.2015.03.004
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nder responsibility of Chinese Materials Research Society.from moment coupling between antiferromagnetic (AFM) and
ferromagnetic (FM) interface [6]. The demand for investigation
of such a phenomenon has been rising as it would have potential
applications. EB is usually accompanied by an increase in
coercivity HC with respect to the unbiased FM. The exchange
bias ﬁeld (HEB ) as a result of exchange coupling depends in a
complex way on the microstructural factors of these alloys [7].
Therefore, a clean crystalline structure for these alloys is needed
so as to reveal the mechanism of exchange coupling with the
complicated magnetic properties.
In the past years, however, the most research works for EB
in these alloys focused on polycrystalline bulk or ﬁlms [8],
which make the system complicated. The study on the corre-
lation between the structure and the corresponding properties
for polycrystalline bulk or ﬁlm is very difﬁcult due to the grain
boundary and structure phase separation. Therefore, we have
attemped to prepare single-crystalline thin ﬁlms. In fact, from
both application and scientiﬁc points of view, the epitaxial
growth of single-crystalline ﬁlms is very signiﬁcant not onlyElsevier B.V. This is an open access article under the CC BY-NC-ND license
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also for investigating the detailed mechanism of megnetic
properties.
In this work, we have successfully prepared single-crystalline
structure of Ni50Mn35In15 thin ﬁlm on MgO(001). The struc-
tural properties of the ﬁlms have been checked by performing
in situ reﬂection high energy electron diffraction (RHEED) as
well as ex situ room temperature X-ray diffraction (XRD).
Structure measurements reveal that the single-crystalline
Ni50Mn35In15 ﬁlm could be stabilized on MgO (001) as a
face-centered-cubic (fcc) structure.The bifurcation of magneti-
zation between the ﬁeld cooling (FC) and zero ﬁeld cooling
(ZFC) procedures was observed, which indicates that there
coexsits of ferromagntism and antiferromagnetism in the
measured region from 3 to 300 K. The EB shift appears when
the ﬁlm was cooled down below room temperature in an
applied magnetic ﬁeld of 5000 Oe. The observed EB phenom-
enon in Ni50Mn35In15 ﬁlm is the evidence of the coexistence of
FM and AFM exchange interactions.2. Experimental details
We prepared single crystalline Ni50Mn35In15 thin ﬁlm on
MgO(001) substrate by a PLD method in an ultra-high vacuum
(UHV) chamber. The base pressure of the deposition chamber
was better than 3.0 1010 Torr. The target of Ni50Mn35In15
alloy with nominal composition was propared by conventional
arc melting under an argon gas atmosphere. The weight loss
after melting was found to be less than 0.5%. The target with a
cylinder-shape of 1 in. of diameter and 2 mm of thickness was
cutted from the ingot. Prior to deposition, the MgO(001)
single-crystalline substrate was cleaned with acetone, ethanol
and deionized water in an ultrasonic bath, and then was put
into vacuum chamber and followed by annealing at 600 1C for
70 min until the surface of MgO(001) keeps sharp RHEED
pattern. This process could make the substrate achieve a
superior surface crystallographic quality [9]. During deposi-
tion, the pressure of the deposition chamber is about 1.7–2.5
108 Torr, and a KrF excimer laser (λ¼248 nm, pulse
width¼25 ns) was incident on the rotating Ni50Mn35In15
target at an angle close to 451. The 248 nm KrF excimer
laser (Coherent compex pro 201) was used at a laser ﬂuence
of 300 mJ/pulse and a repetition rate of 9 Hz on the target.Fig. 1. RHEED pattern of the MgO(001) surface taken with the electron beam alon
(b) after annealing treatment at 600 1C for 70 min.The Ni50Mn35In15 growth temperature was 500 1C, which is
optimized for Ni50Mn35In15 growth. The growth rate of about
0.8 nm/min was monitored by a quartz thickness monitor,
which was used to ensure a high quality epitaxial Ni50M-
n35In15 ﬁlm. The crystal structure of Ni50Mn35In15 ﬁlm was
determined by Bruker D 8 DISCOVER X-ray diffraction
(XRD) with monochromatic Cu Kα radiation. The magnetism
was measured with physical property measurement system
(PPMS-9, Quantum Design Inc.). During all the magnetic
measurements, the applied ﬁeld direction always keeps per-
pendicularly to the ﬁlm surface.3. Results and discussion
Fig. 1(a) and (b) show in situ RHEED images of MgO(001)
substrate with an electron beam along the [100] directions
before and after annealing, respectively. The streaks combin-
ing with several elongated spots suggest that some small
crystalline islands might exist on the smooth surface. After the
sbustrate was annealed at 600 1C for 70 min, the spots have
obviously become further long, the sharpness of the streaks
increases, which means that a superior surface crystallographic
quality is achieved compared with the surface before anneal-
ing. The improved morphology of the surface would be in
favor of epitaxial growth on the substrate.
As is well known, bulk Ni50Mn35In15 alloys possess L21
structure at room temperature, and its lattice constant is about
0.607 nm [10]. The latice parameter for MgO (001) is about
0.421 nm [9]. The lattice mismatch between Ni50Mn35In15 and
MgO(001) is estamated to be 44.18%, while Ni50Mn35In15 ﬁlm
grown on MgO(001) rotated 451 in plane, the mismatch is
about 1.9%. Thus, the in-plane epitaxial relationship with
Ni50Mn35In15 (001)[110]//MgO(001)[100] should be expected.
Beyond our imagination, however, according to the RHEED
images in Fig. 2(a)–(f), the eptaxial coverage possesses the
same patterens as the substrate. The reciprocal spots for fcc
structure of MgO possess a square-shaped arrangements with
the electron beam along the [100]MgO. Fcc structure should be
centered-rectangular-shaped arrangements in the reciprocal
space when the electron beam is incident along the [110]
direction, and should be square-shaped arrangements when the
electron beam is incident along the [100] direction [11]. MgO
possesses a fcc structure, therefore the patterns of MgO(001) isg [100]MgO direction at room temperature (a) before annealing treatment and
Fig. 2. RHEED patterns with electron beam along [100]MgO direction: (a) 2.4 nm, (b) 5.6 nm, (c) 16 nm, (d) 24 nm, (e) 32 nm and (f) 48 nm Ni50Mn35In15 ﬁlm,
respectively.
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[100]MgO [12], as shown in Fig. 1. From the close similarity
between the substrate and ﬁlm patterns, as shown in Fig. 2, we
can immediately conclude that the epitaxial growth follows the
same orientation as MgO(001) substrate, and has the same
structure as the MgO(001) substrate with a fcc structure.
Fig. 2 illustrates the evolution of the RHEED images as a
function of epitaxial coverage thickness. At the initial stage of
growth, the spots together with the streaks in the RHEED
pattern blur out. Obviously, the morphology of Ni50Mn35In15
ﬁlm becomes deteriorated, as shown in Fig. 2(a). It seems that
it is not possible to stablize a single-crystalline ﬁlm on MgO
(001). With the increasing of epitaxial coverage with 5.6 nm,
however, the spots become clear although the streaks have not
recovered, as shown in Fig. 2(b). It is suggested that the initial
epitaxy is very difﬁcult because of the large mismach between
Ni50Mn35In15 (001)[100]//MgO(001)[100]. Such a mismach
would result in a large stress. Further increase of the coverage,
the stress between the ﬁlm and the substrate has partially
released. The appearance of the spots indicates that crystalline
islands exists, i.e., the growing procedure is island growth
mode rather than layer by layer growth mode. With the
increase of coverage to 16 nm as shown in Fig. 2(c), the
streaks have recovered, indicating that the surface morphology
of the ﬁlm has been improved though some crystalline islandsstill exists, and it is even better than that of clean substrate after
annealing treatment. With further increase of the coverage ﬁlm
thickness from 24 nm to 48 nm as shown in Fig. 2(d)–(f), the
streaks become more and more clear, which means that the
surface morphology becomes more and more smooth. Com-
pared the Fig. 1(b) with Fig. 2(f), it can be seen obviously that
the additional bright elongated spots appears, which may arise
from the surface reconstruction.
In order to determine lattice constants accurately, ex situ
X-ray diffraction measurements were also performed at room
temperature as shown in Fig. 3. The lattice constant of
Ni50Mn35In15 ﬁlm in thickness of 48 nm together with the
clean MgO substrate was estimated to be 0.380 nm and
0.421 nm, respectively. Obtained lattice parameters are sig-
niﬁcantly smaller when compared to those observed in the
MgO [9] and bulk compounds [10], conﬁrming the formation
of compressively strained ﬁlm induced by the lattice mismatch
between the ﬁlm and substrate.
In order to establish the correlation between structure and
the magnetic properties of the sample, we conducted the
measurement of magnetization. Fig. 4 shows the temperature
dependence of magnetization, M(T), for Ni50Mn35In15 ﬁlm
with the thickness of 48 nm measured at a magnetic ﬁeld of
2000 Oe. Before the zero ﬁeld cooling (ZFC) measurement,
the ﬁlm was cooled down from room temperature to 3 K in the
Fig. 3. Room temperature X-ray diffraction patterns of both clean MgO(001)
substrate and 48 nm Ni50Mn35In15 ﬁlm.
Fig. 4. Temperature dependence of magnetization for Ni50Mn35In15 ﬁlm in the
absence of magnetic ﬁeld (ZFC), and under a magnetic ﬁeld of 2 kOe on
cooling (FC) and heating (FCW).
Fig. 5. Magnetization hysteresis loops of Ni50Mn35In15 ﬁlm measured at (a)
T¼10 K, (b) T¼60 K, under the ﬁeld cooling of 5 kOe, and (c) T¼300 K,
respectively.
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conducted from 3 K to 300 K at a magnetic ﬁeld of 2000 Oe;
In the case of ﬁeld cooling (FC) sequence, the measurement
was conducted when the sample was cooled down from 300 K
to 3 K in the presence of 2000 Oe magnetic ﬁeld, following by
a ﬁeld-cooled warming (FCW) measurement from 3 K to
300 K at the same magnetic ﬁeld. It is interesting note that
there is a bifurcation of M(T) curves between ZFC and FC/
FCW curves at measured temperature region. The bifurcation
between the ZFC and FC/FCW can be understood by the
coexistence of FM and AFM interactions in the ﬁlm. Such a
coexistence in the sample is due to the fact that the Mn atoms
on regular sites have a ferromagnetic interaction, while the
excess Mn atoms occupying the In sites are coupled anti-
ferromagnetic to the surrounding Mn atoms on regular Mn
sites, just as in the case of Ni–Mn–Sn alloy [13,14]. Thus, the
AFM cluster plays the role of a hard magnetic phase aligning
the soft FM clusters. In the FC sequence measurement, some
of the spin orientation in FM component becomes aligned in
the applied ﬁeld direction. Compared FC/FCW with ZFC
sequence, the magnetization as a function of temperature
would give rise to a larger value due to the fact that the FM
spin alignment in FM domains under an external magneticﬁeld was pinned by the AFM clusters and frozen with the
decrease of temperature. In all the sequences, it is noticed that
magnetization increases with the decrease of temperature, and
it presents the two steps in the temperature region of 90–120 K
and bellow 20 K, respectively, as shown in Fig. 4. Such a
behavior might be ascribed to the FM domain growing in size
with the decrease of temperature during measurement. There
should be pointed that martensitic phase transitions have not
observed at the measured temperature region bellow room
temperature. Actually, A. Sokolov et. al. have studied the same
Ni50Mn35In15 Heusler alloy thin ﬁlms grown on MgO(001),
and found that the evidence of the martensitic phase transi-
tion occurs above room temperature [15]. Therefore, it is
not surprising that we have not observed martensitic phase
transition bellow room temperature.
The signiﬁcant spin interaction between FM and AFM
interface might give rise to the AFM region to pin the domains
of the FM region. Based on this speculation, it is not difﬁcult
to be expected that EB would exist in our sample. Therefore,
we have performed measurement of the magnetization hyster-
esis loops for Ni50Mn37Sn15 ﬁlm after cooling to 3 K with an
applied ﬁeld of 5 kOe ﬁeld (FC), and then taken the data at the
temperatures of 10 K, 60 K and 300 K, respectively (see the
Fig. 5). At the room temperature, we have not observed the
exchange bias (see the Fig. 5(c)). The phenomenon of the no
splitting between ZFC and FC sequence, as mentioned in
Fig. 4, also imply no EB could be expected. Whereas, Fig. 5(a)
and (b) show that the magnetization hysteresis loops shift
obviously with respect to the magnetic ﬁeld at measured
temperatures of 10 K and 60 K, respectively. It is the coupling
of the FM/AFM interface that is responsible for EB effect.
AFM can pin the FM moments and induce unidirectional
anisotropy in the ﬁeld direction during ﬁeld cooling. There-
fore, an extra ﬁeld is required to overcome the AFM spins and
make the hysteresis loops shift toward the negative ﬁeld. It
seems that there exists of a vasp-waisted in the hysteresis loops
in Fig. 5(a) and (b), this behavior is an open issue and needs
further investigation in the future.
Table 1
The calculated values of exchange bias ﬁeld (HEB) and coercivity (HC)
according to the magnetization hysteresis loops.
(Oe) 10 K 60 K 300 K
HEB 693 221 0
HC 5019 7873 1409
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coercivity deﬁned as HC¼ ∣HLHR ∣/2, where HL and HR
are the left and right coercivity at which the magnetization
equals zero, respectively. According to the data collected by
the hysteresis loop measurement, the calculated values of HEB
and HC are shown in Table 1. From Table 1, we found the
HEB¼221 Oe, obtained at temperature of 60 K, is smaller
than that it is obtained at temperature of 10 K (HEB¼693
Oe). It can be ascribed to the fact that the spin pinning strength
at the interfacial AFM and FM becomes weakened. The HC
has the value of 5019 Oe, 7873 Oe and 1409 Oe obtained at
10 K, 60 K and 300 K, respectively. The HC increases with
increasing temperature at lower temperatures and decrease
with increasing temperature at higher temperatures. These
behaviors are resulted from the decreasing of AFM anisotropy,
and the FM rotation can drag more AFM spins, giving rise to
the increase in HC. Whereas, at higher temperatures (above
blocking temperature), the AFM is random and no longer
hinder the FM rotation, giving rise to a low HC, while the HEB
reduced to zero [16].
4. Summary
We have prepared fcc structure of single-crystalline Ni50M-
n35In15 thin ﬁlm on MgO(001) substrate by epitaxial growth
process in an UHV chamber by a PLD method. At the initial
epitaxial process, the morphology of Ni50Mn35In15 ﬁlm
becomes deteriorated compared to the carefully treated single
crystalline substrate surface. With the increase of the coverage,
the stress induced by the mismach between the ﬁlm and the
substrate has been gradually released, and the morphology
becomes more and more smooth. Magnetic property mea-
surement indicates the coexistence of AF and AFM cluster
in Ni50Mn35In15 thin ﬁlm bellow room temperature. Theinterfacial spin interaction between AF and AFM leads to an
appearance of signiﬁcant exchange bias. The strength of the
HEB increasing with the decrease of temperature can be
ascribed to the fact that the spin pinning strength at the
AFM/FM interface is enhanced.Acknowledgments
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